ABSTRACT
Introduction

31
Heterocyclic aromatic amines (HAAs) are a group of heterocyclic amines containing 32 from 2 to 5 (generally 3) condensed aromatic cycles with one or more nitrogen atoms 33 and, usually, one exocyclic amino group (Alaejos & Afonso, 2011) . They are formed in 34 foods during the heating process. HAAs are usually grouped in thermic or pyrolitic 35 HAAs depending on whether they are produced at temperatures lower or higher than 36 300 ºC, respectively. Among all of them, the thermic 2-amino-1-methyl-6- 
45
The mechanism by which PhIP is produced has been the objective of different 
71
In an attempt to understand the reaction pathways by which PhIP is produced, this 72 study investigated firstly the formation of formaldehyde by thermal decomposition of 73 phenylacetaldehyde and, then, the contribution of both ammonia and formaldehyde to was also studied by LC-MS/MS. Reactions were carried out analogously to the 91 described above but phenylacetaldehyde was substituted by the tested compound. isocratic mode using 50% B. Mass spectrometric acquisition was performed by using 110 multiple reaction monitoring (MRM). The nebulizer gas (synthetic air), the curtain gas 111 (nitrogen), and the heater gas (synthetic air) were set at 40, 25, and 50 (arbitrary units),
Formaldehyde formation by LC-MS/MS
112
respectively. The collision gas (nitrogen) was set at 5 (arbitrary units). The heater gas 
Study of phenylacetaldehyde degradation products by GC-MS
133
The formation of other products as a consequence of phenylacetaldehyde degradation 
PhIP determination
156
Samples were analyzed by using the same equipment and column previously 157 described for formaldehyde determination. As eluent, a 30:70 mixture of 0.2% formic 158 acid in acetonitrile and 4 mM ammonium acetate was used. The mobile phase was 159 delivered at 0.5 mL/min in isocratic mode. Mass spectrometric acquisition was 160 performed by using multiple reaction monitoring (MRM). The nebulizer gas (synthetic 161 air), the curtain gas (nitrogen), and the heater gas (synthetic air) were set at 45, 25, and 162 50 (arbitrary units), respectively. The collision gas (nitrogen) was set at 5 (arbitrary 163 units). The heater gas temperature was set at 500 ºC and the electrospray capillary for PhIP and caffeine, respectively, were used for quantification purposes in this study.
174
Quantification of PhIP was carried out by preparing five standard curves of this 175 compound in 500 L of 0.3M sodium phosphate buffer, pH 8, and following the whole 
210
In addition to formaldehyde, other compounds were also formed when heating When creatinine and phenylacetaldehyde were heated together, PhIP was produced 219 to a significant extent (Fig. 1) . However, the presence of either ammonia (A) or as on the pH of the reaction. Fig. 2A shows the effect of reaction pH on the amount of 226 PhIP produced in creatinine/phenylacetaldehyde/formaldehyde reaction mixtures. As 227 observed in the figure, PhIP was mostly produced at pH 5-8 with a maximum at pH 6-7.
228
A pH value of 6, using sodium phosphate buffer, was used in this study.
229
When formaldehyde was added to a mixture of 10 mol of creatinine and 10 mol of 230 phenylacetaldehyde, the amount of PhIP formed increased very rapidly until 5 mol of 231 formaldehyde was added, then remain constant until 7.5 mol of formaldehyde, and 232 decreased afterwards (Fig. 2B) . Differently to the addition of formaldehyde, the addition 233 of ammonia increased much more slowly the formation of PhIP and the maximum of
234
PhIP formed was produced with the addition of 20 mol of ammonia (Fig. 2B) . (Fig. 4) . The determined 249 Ea was 136.2 kJ/mol.
250
Analogous behavior was observed when formaldehyde was present in the reaction 251 mixtures, but much higher amounts of PhIP were produced (Fig. 3B) . A lag time for the 252 formation of PhIP was also observed in creatinine/phenylacetaldehyde/formaldehyde 253 reaction mixtures, but it was lower than the observed in creatinine/phenylacetaldehyde 254 reaction mixtures. The lag time observed at 200 ºC for the ternary system containing 255 formaldehyde was 9.1 min. By employing an Arrhenius plot (Fig. 4) , the Ea of the 256 reaction could be determined and resulted to be 132.2 kJ/mol. This value was very 257 similar to that obtained for creatinine/phenylacetaldehyde reaction mixtures.
258
The change of formaldehyde by ammonia resulted in a considerable decrease of the 259 PhIP produced (Fig. 3C ), but the behavior of this system was analogous to the other (Fig. 4) , the Ea of the reaction could be determined and Finally, the simultaneous addition of formaldehyde and ammonia to creatinine and 267 phenylacetaldehyde resulted in the formation of large amounts of PhIP (Fig. 3D) , and shown that formaldehyde is produced from phenylacetaldehyde and also, to a lower 285 extent, by phenylethylamine, phenylalanine, styrene, and creatinine heating.
286
Formaldehyde is suggested to be produced according to the pathway shown in Fig. 5 .
287
Although phenylacetaldehyde (1) has an -hydrogen and the aldol condensation (route 288 B) is favored over the disproportionation reaction (route A), route A should also be 289 produced to a certain small extent. Thus, the formation of the condensed aldol product 290 (11), phenylacetic acid (2) and phenylethanol (3) was observed by GC-MS. This last 291 alcohol should be easily dehydrated under the reaction conditions to produce styrene (4) 292 (route A1). This alkene, which could not be detected in our system, is a well known As an alternative route (route A2) for formaldehyde production, the degradation of 305 the alcohol (3) might be produced in the presence of oxygen to produce small amounts to a lesser extent, with the addition of ammonia (Fig. 1) . In addition, they also agree 
360
Although the concentration of formaldehyde seems to be the limiting step of the 361 reaction to produce PhIP to a high extent (Fig. 1) , the Ea of the reaction for 362 creatine/phenylacetaldehyde and creatinine/phenylacetaldehyde/formaldehyde systems 363 were very similar. On the contrary, the presence of ammonia decreased Ea by 30% and 364 the simultaneous presence of ammonia and formaldehyde decreased Ea by 61%. Only in 365 the presence of the four reactants, the Ea of the reaction was low enough to suggest that 366 PhIP could be produced to a significant extent without a considerable heating.
367
Differently to the model systems described in this study, formaldehyde and ammonia 368 can be formed in foods by alternative pathways. Therefore, the content of these new 369 reactants, or of the compounds from which they could be produced, should also be 370 considered to understand the amount in which PhIP is produced in food products. To produced in a food product could be controlled.
375
Although the existence of other alternative pathways that could also produce PhIP to 376 some extent cannot be discarded, the very big increases (50 times) observed in the
377
PhIP formed when formaldehyde and ammonia were present and the fact that Ea for the 378 reaction after adding both formaldehyde or ammonia was much reduced, suggest that 379 the pathway described in this study is likely the main route for PhIP formation. control; **, p < 0.01 vs. control. 
